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The chemical composition of gases emitted by active volcanoes reflects both magma degassing and
shallower processes, such as fluid-rock hydrothermal interaction and mixing with atmospheric-derived
fluids. Untangling the magmatic fluid endmember within surface gas emission is therefore challenging,
even with the use of well-known magma degassing tracers such as noble gases. Here, we investigate
the deep magmatic fluid composition at the Nisyros caldera (Aegean Arc, Greece) by measuring nitrogen
and noble gas abundances and isotopes in naturally degassing fumaroles. Gas samples were collected
from 32 fumarolic vents at water-boiling temperature between 2018 and 2021. These fumaroles are
admixtures of magmatic fluids typical of subduction zones, groundwater (or air saturated water, ASW),
and air. The N2, He, and Ar composition of the magmatic endmember is calculated by reverse mixing
modeling and shows N2/He = 31.8 ± 4.5, N2/Ar = 281.6, d15N = +7 ± 3 ‰, 3He/4He = 6.2 Ra (where Ra is
air 3He/4He), and 40Ar/36Ar = 551.6 ± 19.8. Although N2/He is significantly low with respect to typical val-
ues for arc volcanoes (1,000–10,000), the contribution of subducted sediments to the Aegean Arc magma
generation is reflected by the positive d15N values of Nisyros fumaroles. The low N2/He ratio indicates
N2-depletion due to solubility-controlled differential degassing of an upper-crustal silicic (dacitic/
rhyodacitic) melt in a high-crystallinity reservoir. We compare our 2018–2021 data with N2, He, and
Ar values collected from the same fumaroles during a hydrothermal unrest following the seismic crisis
in 1996–1997. Results show additions of both magmatic fluid and ASW during this unrest. In the same
period, fumarolic vents display an increase in magmatic species relative to hydrothermal gas, such as
CO2/CH4 and He/CH4 ratios, an increase of �50 �C in the equilibrium temperature of the hydrothermal
system (up to 325 �C), and greater amounts of vapor separation. These variations reflect an episode of
magmatic fluid expulsion during the seismic crisis. The excess of heat and mass supplied by the
magmatic fluid injection is then dissipated through boiling of deeper and peripheral parts of the
hydrothermal system. Reverse mixing modeling of fumarolic N2-He-Ar has therefore important ramifica-
tions not only to disentangle the magmatic signature from gases emitted during periods of dormancy, but
also to trace episodes of magmatic outgassing and better understand the state of the upper crustal
reservoir.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Monitoring surface gas emissions from active volcanoes has
important implications for volcanic surveillance and for a better
understanding of subsurface processes. Volcanoes emit many gas-
eous chemical species, and these reflect different fluid sources and
complex physicochemical processes occurring in the Earth’s man-
tle, crust, and atmosphere. Volatiles exsolve from silicate melts
stored in magma chambers and are injected into overlying
hydrothermal systems. These systems are characterized by convec-
tion of meteoric and magmatic water (Giggenbach, 1992) driven by
heat transfer from magma chambers (Scott et al., 2015; Lamy-
Chappuis et al., 2020). Here, magmatic fluids react with water
and rocks before approaching the Earth’s surface, losing some of
their most acidic gases, such as SO2, HCl, and HF, and producing
more reduced species, such as CH4 (Giggenbach, 1987; Chiodini,
2009). Consequently, the composition of the magmatic volatile
phase can be significantly altered by the time it reaches the
atmosphere.

Magmatic fluid expulsion during episodes of volcanic activity
causes heating and pressure buildup in the overlying hydrothermal
system, eventually triggering shallow seismicity (Chiodini et al.,
2021). Overpressurization of the hydrothermal system can culmi-
nate in phreatic and phreatomagmatic eruptions and ultimately
in magmatic eruptions (Rouwet et al., 2014). In some cases, these
episodes of magmatic fluid expulsion are revealed by temporal
variation in the chemistry of surface gas emissions. In particular,
gases measured at the surface record an increase in the proportion
of magmatic volatiles, such as CO2 and He, relative to lower-
temperature species typically produced in hydrothermal systems,
such as CH4 (Chiodini, 2009). For example, an increase in CO2/
CH4 ratios measured in fumaroles was observed during the unrests
of Mammoth Mountain (California, USA, in the 1990s; Sorey et al.,
1998), Panarea (Italy, in the early 2000s; Chiodini et al., 2006),
Mount Baker Volcano (Washington, USA, in 1975; Werner et al.,
2009), Santorini (Greece, in 2011–2012; Tassi et al., 2013; Rizzo
et al., 2015), Taal (Philippines, in 2011; Hernández et al., 2021),
La Soufrière (Guadeloupe, French West Indies, in 2018; Moretti
et al., 2020), and Campi Flegrei (Italy, in 2005–2014; Chiodini
et al., 2015). Similar CO2/CH4 variations were also observed in
the fumarolic vents of the Nisyros caldera, South Aegean Volcanic
Arc (SAVA), Greece, after a seismic crisis recorded between 1996
and 1997 (Chiodini et al., 2002).

Variations in these reactive species may also be accompanied by
changes in nitrogen and noble gas contents of surface gas emis-
sions (e.g., Caracausi et al., 2003; Caliro et al., 2014; Rizzo et al.,
2015). Due to their distinct isotope composition in mantle-
derived fluids (e.g., 3He/4He, 40Ar/36Ar, and d15N) relative to others
Earth’s reservoirs (crust, atmosphere, biosphere), and their rela-
tively inert behavior, these species act as conservative tracers for
magmatic fluids migrating towards the surface. However, they
can mix with atmospheric components in the hydrothermal sys-
tem, such as groundwater (or air saturated water, ASW) and air,
making sometimes difficult the recognition of the original mag-
matic gas signature.

In this study, we use reverse mixing modeling (Albarède, 1995;
Janoušek et al., 2016) of nitrogen and noble gas contents in Nisyros
fumaroles to estimate the current composition of the magmatic
volatile phase. Treating these gas emissions as admixtures of air,
ASW, and an unknown magmatic endmember, enables us not only
to disentangle the magmatic gas signature from Nisyros fluids but
also to calculate the relative fraction of these three endmembers in
each gas sample. Nitrogen isotopes are analyzed for the first time
in these fluids, and together with those of He and Ar provide addi-
tional insights into the source of the magmatic volatiles currently
outgassing from Nisyros and the state of its magma chamber.
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Finally, we compare the current reactive and nonreactive gas
(N2-He-Ar) data with those collected during the hydrothermal
unrest that followed the 1996–1997 seismic crisis to evaluate the
contribution of magmatic volatiles during such period of activity
(Chiodini et al., 2002; Caliro et al., 2005). Together with variation
in both the thermodynamic conditions of the hydrothermal system
and CO2/CH4 and He/CH4 ratios, N2-He-Ar data shed light into an
episode of magma outgassing during the seismic crisis.
2. Geologic setting

2.1. Volcanic and hydrothermal background

The Nisyros caldera is located in the easternmost part of the
South Aegean Volcanic Arc (SAVA), which formed from the subduc-
tion of the African slab underneath the Aegean microplate (Fig. 1a).
The SAVA consists of four major volcanic areas: Methana/Aegina,
Milos, Santorini, and Kos-Nisyros-Gyali (Fig. 1a). Rollback and tear-
ing of the African slab caused asthenospheric mantle flow in both
the backarc extensional area of the Aegean Sea, towards the north
of the SAVA, and western Anatolia, eastward of the SAVA (Jolivet
et al., 2013; Klaver et al., 2016). Toroidal movements from this slab
tear below western Anatolia might have driven the African subslab
mantle to reach Nisyros and Santorini (Klaver et al., 2016). The
accretionary prism of the Aegean subduction (the Mediterranean
Ridge), extending towards south of the SAVA (Fig, 1a), is formed
by stacks of sediments of the subducted Eastern Mediterranean
Sea (the last remnant of the Tethys Ocean; Klaver et al., 2015).
The composition of the sedimentary sequence predominantly con-
sists of Sahara dust and Nile sediments and about 40–80 % of these
are thought to be subducted rather than accreted (Kopf, 2003). The
eastern part of the Mediterranean Ridge alternates Sahara dust,
carbonate-rich pelagic marls, and smectite-rich turbidites of Nile
provenance. Nevertheless, the sediment contributing to the current
arc volcanism might mostly be dominated by a Nile-like compo-
nent (Klaver et al., 2015).

Nisyros volcano presents an 8 km wide subaerial edifice
(Fig. 1b), which is the result of numerous episodes of explosive
and effusive eruptions occurred during the last 161 ky (Bachmann
et al., 2012). The construction of Nisyros volcanic edifice started
with a basaltic andesite seamount and gradually evolved in a sub-
aerial cone by eruptions of more evolved magmas (Di Paola,
1974; Francalanci et al., 1995). Two 2–3 km3 dense-rock equivalent
Plinian eruptions (Lower and Upper Pumice) caused the collapse of
the edifice about 60 ka (Popa et al., 2020) and the formation of a
3.8 km wide caldera in the center of the island (Fig. 1b;
Bachmann et al., 2019). The youngest eruption (about 20 ka) con-
sists in the extrusion of rhyodacitic lava domes (Postcaldera
Domes) in the SW part of the island (Popa et al., 2020). The most
recent activity on Nisyros was characterized by hydrothermal erup-
tions. The youngest explosions opened Polyvotis Mikros crater in
1887 and Polyvotis Megalos and Phlegethron craters during
1871–1873 (Fig. 1c; Marini et al., 1993 and references therein).

The southern part of the Nisyros caldera host an upflow zone of
hydrothermal fluids, which are emitted into the atmosphere
through NE-SW and NW-SE regional tectonic faults and hydrother-
mal craters (Fig. 1c; Caliro et al., 2005; Bini et al., 2019). Informa-
tion about the hydrothermal system is given by both drilling of two
geothermal wells (Nisyros-1 and Nisyros-2) in the caldera in the
1980s (Marini and Fiebig, 2005 and references therein) and the
chemistry of surface fluid emissions, like fumaroles and thermal
springs (Chiodini et al., 1993; Brombach et al., 2003; Fiebig et al.,
2004; Marini and Fiebig, 2005). A high-enthalpy brine at about
340 �C is hosted in fractured diorites and thermometamorphic
rocks at about 1.5 km depth. This fluid displays chloride concentra-



Fig. 1. The South Aegean Volcanic Arc (SAVA; 1a), the Nisyros caldera (1b), and the upflow zone of magmatic-hydrothermal fluids traced by soil CO2 emission (1c). The SAVA
(1a) comprises Kos-Nisyros-Gyali (KNG), Santorini (S), Milos (M), and Methana-Aegina (MA), which result from the northward subduction of the African plate below the
Aegean microplate. A minor part of the sediment on the subducted oceanic crust (Eastern Mediterranean Sea) is accreted in the Mediterranean ridge. The Nisyros caldera (1b)
is located in the easternmost part of the SAVA and shows many magmatic-hydrothermal fluid emissions in the southern part of its collapse edifice. These emissions have been
recently mapped through soil CO2 flux measurements (green perimeter, Bini et al., 2019), and are spatially distributed over faults, hydrothermal craters (Stephanos, Polyvotis
Mikros, Phlegethron, and Kaminakia), and domes (red areas; 1c). The locations of the fumaroles collected in this study are also shown as white circles (1c). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tion up to 75,000 ppm and originates from the mixing of about
75 % arc-magmatic water and 25 % seawater that percolate in the
volcanic edifice (Brombach et al., 2003; Marini and Fiebig, 2005).
Buoyancy drives fluid upflow and eventually steam separation at
temperatures between 195 and 270 �C at 490–765 m depth
(Marini and Fiebig, 2005). This upflowing steam is then emitted
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into the atmosphere from fumarolic vents, which are mostly
located at the bottom of Stephanos, Polyvotis Mikros, Phlegethron,
and Kaminakia hydrothermal craters, Lophos dome, and Ramos site
(Fig. 1c). However, a large amount of steam is not released into the
atmosphere but condenses as it approaches the surface. A recent
study based on CO2 flux measurements shows that the area of
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hydrothermal fluid flow extends for about 2.2 km2 (Bini et al.,
2019; Fig. 1c). About 2,000 t d–1 of steam condenses below the sur-
face of this area, releasing a thermal energy of about 60 MW. The
low-soluble CO2 of the hydrothermal fluids, on the other hand, is
released into the atmosphere through diffuse degassing with an
output of about 92 t d–1 (Bini et al., 2019).
2.2. Recent activity

Several hydrothermal eruptions occurred after enhanced seis-
mic activity in historical times (Marini et al., 1993 and references
therein). A volcano-seismic crisis clustered in time and space
between 1996 and 1997. In the area of Nisyros, 113 earthquakes
of M � 4.1 were recorded and >50 % occurred at shallow depth
(�10 km); the largest shock with M = 5.3 occurred on August
1997 (Papadopoulos et al., 1998). A sequence of ground inflation
and deflation was also registered during 1995–2000. GPS and
SAR interferometry documented ground uplift from 1995 to mid-
1998, with a maximum vertical displacement of 140 mm. Then, a
gradual subsidence of 70 mm was recorded by GPS in 1999–2000
(Sykioti et al., 2003; Lagios et al., 2005). This ground deformation
was modeled with two Mogi point sources related to magma
chambers and assuming motion along the Mandraki fault, which
was reactivated in 1996 (Lagios et al., 2005). The first chamber
was located in the northwestern part of the Nisyros caldera at
5.5 km depth, and the second one 5 km offshore to the north of
Nisyros at 6.5 km depth. However, further geodetic, seismic, and
geochemical studies (Chiodini et al., 2002; Caliro et al., 2005;
Hautmann and Gottsmann, 2018) underlined the important role
that the hydrothermal system played on the unrest. For example,
earthquakes caused by fluid migration (Long Periods events) were
detected at Nisyros from a source located at 1–2 km depth below
Lophos dome in 2001, that is the depth of the hydrothermal system
(Caliro et al., 2005). Gottsmann et al. (2007) registered short-term
(tens of minutes to hours) variation in gravity and deformation
with amplitudes up to 25 lGal and 40 mm, respectively. These sig-
nals were linked to the instability of the hydrothermal fluid flow
regimes, likely due to transient pressure built-up in the hydrother-
mal system (Caliro et al., 2005; Hautmann and Gottsmann, 2018).
The ground upflit of 1995–1998 was then interpreted as a poroe-
lastic response of the host rock due to pore pressure increase of
the hydrothermal system during magma degassing (Hautmann
and Gottsmann, 2018). The subsequent subsidence was induced
by pressure decrease in the hydrothermal system due to fracture
opening and fluid transfer to the atmosphere. Chiodini et al.
(2002) reported an increase in the proportion of magmatic fluid
in the fumaroles after the seismic crisis. The observed increase in
CO2/CH4 and H2S/CH4 ratios in the fumarolic gases was interpreted
by these authors as the result of an injection of more oxidizing
sulfur-rich magmatic fluids in the hydrothermal system. Shimizu
et al. (2005) also reported an increase in the 3He/4He ratios. During
2001–2002, a 1–5 m wide and up to 10 m deep rupture opened in
the central part of the Lakki plain. This phenomenon was caused
either by a local accumulation of uncompensated near-surface
stresses (Lagios et al., 2005) or by a hydrothermal alteration of
the ground from acidic fluid circulation, inducing a collapse
(Venturi et al., 2018).
3. Materials and Methods

3.1. Fumarole sampling and analysis

We collected three gas samples from each fumarolic vent
located at Polyvotis Mikros, Phlegethron, Stephanos, and
Kaminakia hydrothermal craters, Lophos dome, and Ramos site
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(Fig. 1c) between 2018 and 2021. To sample the gas emission, we
inserted a 1 m long stainless-steel tube into the soil, connected
to a Pyrex glass pipe. The first sample was collected in a 140 mL
evacuated Pyrex glass flask containing 50 mL of a 4 N NaOH solu-
tion (Giggenbach, 1975; Giggenbach and Goguel, 1989) connected
to the sampling line with silicon tubing. Reactive gases (water
vapor, CO2, and H2S) are adsorbed in the alkaline solution, whereas
non-reactive gas species (N2, O2, CO, H2, He, Ar, and CH4) occupy
the flask headspace. The second and third samples were collected
simultaneously after connecting a water-cooled condenser to the
sampling line. The gas emission circulates in the condenser leading
to vapor phase condensation, while the remaining dry gas phase is
collected into a 20 mL Pyrex glass flask equipped with two Teflon
stopcocks. The second sample consists of this dry gas phase, and
the third sample is the corresponding steam condensate stored in
a 50 mL high-density polyethylene bottle. Precautions were
adopted to minimize any air contamination during the entire sam-
pling procedure, such as a submerged exhaust after the glass flask,
sealing of the sampling line junctions through gaskets and/or a
high-vacuum grease, and a slow gas pumping (second and third
samples) to avoid depressurization into the line.

The three samples collected for each vent were then specifically
analyzed at the Laboratory of the Istituto Nazionale di Geofisica e
Vulcanologia, Sezione di Napoli, Osservatorio Vesuviano (INGV-OV),
to determine the chemical and isotopic composition of the fluids.
The instrumentation and protocols adopted are described in detail
in Caliro et al. (2015). The first sample was used for the determina-
tion of He, H2, Ar, O2, N2, and CH4 contents and nitrogen and argon
isotopes in the flask headspace by continuous flowmass spectrom-
etry (Thermo Finningan Delta plus XP) coupled with gas chro-
matography (Agilent Technologies 6890 N). Importantly, these
chemical and isotopic analyses were carried out on the same ali-
quot of sample through a single gas injection into the instrumental
apparatus. The gas is injected into the gas chromatograph, which is
composed by two channels equipped with two six-port injection
valves, two PLOT columns (MolSiev, 5 Å; 30 m � 0.53 mm � 50 l
m; He and Ar as carrier gases), and thermal conductivity detectors.
The first channel serves for He and H2 analysis using Ar as carrier
gas. The second channel was equipped with a post-column switch-
ing device that enable the column gas flow (sustained by He as car-
rier gas) to be split both to the thermal conductivity detector for Ar,
O2, N2, and CH4 analyses, and to the mass spectrometer through an
open split. The mass spectrometer was equipped with a universal
triple collector to simultaneously determine 36Ar and N isotopes.
The alkaline solution in the first sample was then oxidized by
H2O2 to completely transform the absorbed H2S into SO4

2– and ana-
lyze it by ion chromatography (Dionex ICS-3000). The CO2 contents
were determined by analyzing CO3

2– by acidimetric titration (ana-
lytical error ±3 %). The second sample (dry gas phase) was analyzed
for CO contents by gas chromatography, thus avoiding possible
reactions in alkaline solution to form COOH– (Giggenbach and
Matsuo, 1991). The concentration of CO, expressed in ppm in vol-
ume, was then used to compute the complete gas composition con-
sidering only the dry gas species (i.e., without water). In the second
sample, further analyses of carbon and oxygen isotopes of CO2

were also performed by mass spectrometry after gas chromato-
graphic separation using the GasBench II device. The third sample
(steam condensate) was used to analyze the hydrogen and
oxygen isotopes of H2O with a near infrared laser analyzer (Picarro
L2130-i).

To measure the helium isotope contents in the gas emission, a
double NaOH sample was collected for Polyvotis Mikros, Phlegeth-
ron, Stephanos, and Lophos vents. These samples were analyzed at
the Laboratory of the Istituto Nazionale di Geofisica e Vulcanologia,
Sezione di Palermo (INGV-PA). The isotopic composition of
He (3He/4He) and 20Ne in the flask headspace was analyzed using
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the method and analytical procedure described in Rizzo et al.
(2016), and corrected for atmospheric contamination using the 4-
He/20Ne ratio (Sano and Wakita, 1985).

3.2. Binary mixing modeling

Mixing models are useful tools to estimate the contents of two
or more components (or endmembers) that mutually contribute to
the whole chemical composition of gas, liquid, and solid samples.
Based on mass-balance equations, Vollmer (1976) and Langmuir
et al. (1978) demonstrated that binary mixtures of ratios of ele-
ments or isotopes plotted in the x–y space distribute along a rect-
angular hyperbola. If the compositions of the two endmembers are
known, a forward modeling can predict the composition of the bin-
ary mixtures along the mixing hyperbola. Contrarily, if the end-
members compositions are unknown, they can be estimated by
using a reverse modeling based on the method of least squares
(Albarède, 1995; Janoušek et al., 2016).

3.2.1. Definition of the endmembers by reverse mixing modeling
3.2.1.1. Mixing hyperbola. The endmembers at the extremities of
the hyperbolic curve can be estimated by linear regression follow-
ing Albarède (1995) and Janoušek et al. (2016). The equation of the
binary mixing hyperbola can be written as

xy ¼ x0yþ y0xþ q� x0y0 ð1Þ
where x and y are the ratios of elements or isotopes, x0 and y0 are
the vertical and horizontal asymptotes, respectively, and q is the
curvature factor of the hyperbola. This equation reflects the general
formula of a multiple linear regression model, which for the ith
observation takes the form

Yi ¼ b0 þ b1xi1 þ b2xi2 þ ei ð2Þ
where Y is the response variable, b0 ¼ q� x0y0, b1 ¼ x0, and b2 ¼ y0
are the regression coefficients, x1 ¼ y, and x2 ¼ x are the predictors,
and e is the random error. The three regression coefficients b0, b1,
and b2, and therefore the three coefficients of the hyperbola x0, y0,
and q, are estimated using the method of least squares (see supple-
mentary material) with the built-in R (R Core Team, 2022) function
lm. After rearranging Eq. (1) to

y ¼ y0 þ
q

x� x0ð Þ ð3Þ

the three coefficients estimated are used to plot the mixing hyper-
bola in the x-y space. Since the compositions of the endmembers
exist between the data at the extremities of the hyperbola and infi-
nite, that is where the curvature becomes almost straight, its actual
definition is not trivial. Therefore, the asymptotes values (x0 and y0)
are reasonably selected as an estimate of the endmember composi-
tions (e.g., Labanieh et al., 2010). An R script for calculating the com-
position of unknown endmembers through the mixing hyperbola
method is provided as Supplementary Material.

3.2.1.2. Mixing straight line. Binary mixtures of ratios with the same
denominator plot along a straight line that connects the two end-
members. Mixing lines are therefore obtained by performing sim-
ple linear regression on the data through the built-in R (R Core
Team, 2022) function lm, which consists in finding two regression
coefficients b0 and b1 by the method of least squares. Then, the
endmember composition is extrapolated from the regression line
through the built-in R function predict.

3.2.1.3. Checking of linear model assumptions. To reasonably fit
either a multiple or a simple linear model by least squares, as in
the mixing hyperbola and straight-line cases, some assumptions
need to be fulfilled. In particular, we need to consider that (i) the
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variance of the errors (e) is constant, (ii) the errors are uncorrelated
and (iii) normally distributed. To this end, we inspected both the
Tukey-Anscombe plot and the QQ (quantile–quantile) plot
(Figs. S1, S2, S3) of the residuals, which are estimates of the errors
e. The Tukey-Anscombe plot (Figs. S1a, S2a, and S3a) shows the
residuals plotted against the fitted values and is used for checking
assumptions (i) and (ii). In the ideal case of constant variance of the
errors, the points are randomly distributed around the horizontal
line through zero. The QQ plot (Figs. S1b, S2b, and S3b) shows
the empirical quantiles of the residuals versus the theoretical
quantiles of a normal distribution with mean equal to 0 and stan-
dard deviation equal to 1. In the ideal case of a normal distribution
of the errors, that is the assumption (iii), the points distribute along
the grey dashed line. Both plots allow us to identify outliers that
affect the quality and accuracy of the model and therefore of the
prediction. In the presence of outliers, the exclusion of these points
ensures the fulfillment of these assumptions as well as a reduction
of the residual standard error (RSE), that is an estimate of the stan-
dard deviation of e. As a consequence, the error associated with
each prediction also decreases.

3.3. Gas geoindicators of the T of the hydrothermal system

The composition of reactive species in fumarolic gases is used to
estimate the temperature of the hydrothermal system using the
method of Chiodini and Marini (1998). This method assumes that
(i) the H2O-H2-CO2-CH4-CO gas system is in chemical equilibrium,
(ii) the fumaroles are representative of the vapor phase separated
through boiling at temperature Ts from an original liquid at tem-
perature To, and (iii) the boiling is an adiabatic process. Theoretical
compositions of the vapor phase separated at Ts are calculated by
the following mass and enthalpy balances

Xi

XH2O

� �
l;To

¼ 1� sð Þ Xi

XH2O

� �
l;Ts

þ s
Xi

XH2O

� �
v;Ts

ð4Þ

hl;To ¼ 1� sð Þhl;Ts þ shv;Ts ð5Þ
where Xi is the mole fraction of the ith species, subscripts l ad v refer
to liquid and vapor phases, respectively, s is the fraction of vapor
separated through boiling, and h is the specific enthalpy (kJ kg�1).
These compositions are then plotted in the 3log(XCO/XCO2) +
log(XCO/XCH4) vs log(XH2O/XH2) + log(XCO/XCO2) diagram (Fig. S4).
The original temperature To, the separation temperature Ts,
and the fraction of the separated vapor s are estimated by compar-
ing the analytical values with the theoretical compositions in
Fig. S4. The energy released from the hydrothermal system per kg
of vapor separated through boiling is expressed as s hv,Ts in Eq.
(5), where hv,Ts is the specific enthalpy of the vapor phase at tem-
perature Ts. We suggest to read the work of Chiodini and Marini
(1998) for an exhaustive explanation of the methodology.

4. Results

4.1. Gas composition

Temperatures and chemical and isotopic compositions of gases
collected between 2018 and 2021 within the Nisyros caldera
(Fig. 1c) are reported in Table 1. Measured temperatures (T in �C)
of the vent emissions are close to water boiling T, that is 99.6 �C
at �120 m above sea level, ranging between 94.8 and 107.0 �C.
The lowest T were registered at Kaminakia vents, which experi-
enced the greatest subsurface steam condensation according to
studies on water stable isotopes (Brombach et al., 2003; Marini
and Fiebig, 2005). The highest T were measured at Polyvotys Mik-
ros vent. Water is by far the most abundant component in the



Table 1
Chemical and isotopic compositions of the fumarolic fluids collected at Nisyros between 2018 and 2021. The chemical composition is reported in lmol/mol. Isotopic compositions of O and H, C, and N are reported in delta notation (‰)
relative to V-SMOW, V-PDB, and atmosphere, respectively. He isotope ratio is divided by the ratio in air (Ra) and corrected for atmospheric contamination based on the 4He/20Ne ratio (Sano and Wakita, 1985).

Sample Location Date T (�C) H2O CO2 H2S Ar O2 N2 CH4 H2 He CO d18OH2O dDH2O d13CCO2 d18OCO2 d15N 40Ar/36Ar 3He/4He 4He/20Ne

POLIBOTEMICRò Polyvotis Mikros 2018–10-04 100.8 986,209 11,215 2355 0.10 0.017 15.5 39.8 165.5 0.34 0.067 3.41 �8.8 �0.24 35.27 4.31 374.8 n.d. n.d.
POLIBOTEMICRò II Polyvotis Mikros 2018–10-04 100.8 986,594 10,799 2417 0.09 0.015 13.2 32.5 143.4 0.28 0.065 3.41 �8.8 �0.24 35.27 4.13 348.8 n.d. n.d.
STE 1 Stephanos 2018–10-11 101.8 982,616 14,036 3012 0.23 0.012 29.2 180.6 125.7 0.39 0.027 4.58 �7.5 �1.50 35.63 2.23 327.5 n.d. n.d.
STE 2 Stephanos 2018–10-11 100.6 983,474 12,971 3307 0.28 0.014 31.4 90.0 125.3 0.39 0.024 4.41 �6.0 �0.92 36.11 �1.55 315.5 n.d. n.d.
FLEG. Alex Phlegethron 2018–10-04 100.1 982,433 13,898 3485 0.23 0.019 26.6 23.1 133.5 0.43 0.025 2.21 �0.3 �0.39 32.81 4.43 327.4 n.d. n.d.
KAMINAKIA Kaminakia 2018–10-04 99.7 916,918 74,203 6169 2.04 0.190 199.6 1628.7 877.5 1.21 0.223 �7.11 �45.9 �0.91 30.94 0.62 305.5 n.d. n.d.
LOFOS Lophos dome 2018–10-11 99.0 981,405 14,817 3444 0.77 0.023 76.7 123.6 132.3 0.50 0.073 �0.06 –22.4 �0.96 30.91 �9.74 295.0 n.d. n.d.
LOFOS Lophos dome 2018–10-03 100.3 975,742 18,734 4050 13.99 0.000 1141.9 148.6 169.6 0.67 0.095 �0.06 –22.4 �0.96 30.91 �1.55 299.0 n.d. n.d.
RAMOS Ramos 2018–10-03 96.0 966,806 29,056 2241 6.55 0.000 566.2 676.2 647.8 0.68 0.192 �9.61 �68.6 �1.62 24.07 �19.15 298.0 n.d. n.d.
POLIBOTEMICRO Polyvotis Mikros 2019–04-04 99.7 987,068 10,794 1919 0.25 0.009 25.6 34.8 157.7 0.31 0.071 1.69 �16.4 �0.35 38.02 3.02 327.0 n.d. n.d.
POLIBOTEMICRO SUD Polyvotis Mikros 2019–04-11 99.7 984,406 13,101 2248 0.10 0.007 16.9 48.0 179.2 0.39 0.125 �2.93 �38.1 �0.07 31.84 7.02 420.4 n.d. n.d.
STE 1 Stephanos 2019–04-05 99.1 984,898 12,560 2286 0.17 0.017 21.2 126.5 108.2 0.32 0.073 2.72 �15.5 �0.98 37.02 5.26 351.5 n.d. n.d.
STE 2 Stephanos 2019–04-05 99.3 983,640 13,489 2872 n.d. n.d. n.d. n.d. n.d. n.d. 0.083 0.96 –23.0 �0.80 36.66 5.94 n.d. n.d. n.d.
PHLEGETON Phlegethron 2019–04-04 99.7 982,716 14,206 2895 0.19 0.045 22.4 22.8 136.3 0.44 0.040 �0.13 �13.4 �0.33 34.67 5.01 348.6 n.d. n.d.
PHLEGETON 2 NORD Phlegethron 2019–04-11 99.8 980,221 16,123 3469 0.17 0.000 22.8 24.8 138.9 0.43 0.072 �6.45 �42.5 �0.57 29.76 5.88 338.4 n.d. n.d.
KAMINAKIA Kaminakia 2019–04-04 97.4 920,860 66,675 4340 78.38 0.000 5810.6 1411.3 831.3 1.37 0.344 �10.18 �62.6 �0.81 26.39 0.22 295.5 n.d. n.d.
LOFOS Lophos dome 2019–04-04 99.4 983,679 13,301 2789 0.21 0.019 22.0 95.9 112.0 0.39 0.060 �5.30 �49.6 �0.85 29.96 4.57 328.9 n.d. n.d.
RAMOS Ramos 2019–04-04 n.d. 970,609 25,651 1759 11.54 0.000 939.6 593.1 436.8 0.63 0.113 �5.25 �39.3 �1.49 30.00 �10.27 295.4 n.d. n.d.
PMN II Polyvotis Mikros 2019–10-14 107.0 984,652 12,973 2152 0.08 0.007 15.0 45.9 161.3 0.35 0.063 2.15 �14.8 �0.14 36.35 6.76 394.3 6.03 5286
PMS II Polyvotis Mikros 2019–10-14 102.0 985,803 11,854 2119 0.08 0.007 14.7 44.8 163.8 0.37 n.d. 1.81 �17.6 �0.10 35.89 6.79 394.5 5.96 4470
STEF 1 Stephanos 2019–10-15 99.3 983,576 13,352 2652 2.12 0.000 175.3 128.7 113.4 0.40 0.042 3.79 �10.3 �1.10 37.94 0.38 299.7 5.94 3984
STEF 3 II Stephanos 2019–10-15 99.2 983,543 13,591 2576 0.17 0.010 23.0 147.8 118.9 0.38 n.d. 2.62 �16.3 �1.04 37.39 5.44 349.6 5.70 4310
PHLEGETON 1 Phlegethron 2019–10-14 100.5 983,954 13,039 2845 0.14 0.023 19.2 20.1 121.9 0.37 n.d. 0.49 �10.3 �0.57 35.90 5.62 347.2 6.22 4231
PHLEGETON 2 Phlegethron 2019–10-14 100.0 983,676 13,285 2867 0.16 0.019 21.1 21.9 127.9 0.41 0.047 1.76 �2.3 �0.61 36.19 5.60 350.7 5.51 2098
KAMINAKIA Kaminakia 2019–10-13 94.8 905,741 81,728 5563 51.06 0.000 4113.6 1785.1 1017.5 1.54 n.d. �10.11 �62.8 �0.87 26.70 �1.63 298.6 n.d. n.d.
LOFOS II Lophos dome 2019–10-13 99.8 983,494 13,406 2838 0.67 0.017 62.0 96.0 103.6 0.39 n.d. �1.13 �27.8 �1.10 33.25 1.24 307.7 5.99 128
RAMOS Ramos 2019–10-15 n.d. 882,741 99,718 7878 59.23 0.000 4819.8 3014.2 1767.7 2.94 0.372 �6.03 �45.5 �1.69 29.02 �0.41 299.0 n.d. n.d.
PMN5 Polyvotis Mikros 2021–10-09 99.2 988,075 10,196 1583 0.04 3.002 9.1 27.3 106.5 0.22 0.048 1.00 �21.0 �0.83 35.60 7.05 336.6 5.93 7177
S1 Stephanos 2021–10-08 99.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.88 �13.9 �2.34 38.36 n.d. n.d. n.d. n.d.
S2 Stephanos 2021–10-08 100.6 985,247 12,430 2045 0.16 4.207 21.1 145.9 106.1 0.31 0.034 3.96 �8.8 �2.57 38.87 2.57 332.6 5.80 2733
S3 Stephanos 2021–10-08 99.6 970,370 23,299 4160 21.76 4.552 1670.0 234.9 236.9 2.08 0.065 2.60 �15.5 �2.62 38.52 0.03 306.7 n.d. n.d.
PH6 Phlegethron 2021–10-10 99.5 985,460 12,282 2103 0.17 0.016 21.3 25.4 107.4 0.33 0.050 1.01 �8.1 �1.07 35.12 4.84 321.1 5.81 2237
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fumaroles, followed by high concentrations of CO2 (10,196–99,71
8 ppm) and H2S (1,583–7,878 ppm). Nitrogen contents extend
from 13 to 5,811 ppm, with the highest values measured in Kam-
inakia and Ramos fumaroles. These samples also show the highest
CH4 and H2 contents, ranging from 593 to 1,785 ppm, and 437 to
1,018 ppm, respectively. Argon, He, and CO vary between 0.04
and 78.12 ppm, 0.22 and 2.94 ppm, and 0.02 and 0.37 ppm, respec-
tively. Acidic gases (SO2, HCl, HF) are not present in Nisyros fluids,
whereas significant amounts of reduced gas species (H2S and CH4)
were measured. This evidence reflects a hydrothermal origin of the
Nisyros fumaroles, as already reported in previous studies
(Chiodini et al., 1993; Brombach et al., 2003; Caliro et al., 2005,
Marini and Fiebig, 2005).

Oxygen and hydrogen isotopes of steam condensates reported
in delta notation relative to V–SMOW (d18OH2O and dDH2O, respec-
tively) show a wide range from –10.18 to 4.58 ‰, and from –68.64
to –0.29 ‰, respectively (see dDH2O versus d18OH2O diagram,
Fig. S5), consistently with the data reported from previous studies
(Brombach et al., 2003; Marini and Fiebig, 2005). According to
these studies, these large variations in d18OH2O and dDH2O are
caused by steam condensation at water-boiling temperature, thus
forming 18O–and–2H–depleted residual vapors (dashed lines in
Fig. S5). This process is particularly evident in Kaminakia fumaroles
(Fig. S5). The heaviest isotopes recorded in Polyvotis Mikros and
Stephanos gases approach the composition of the deep
magmatic-hydrothermal liquid (also called Parent Hydrothermal
Liquid, PHL, by Marini and Fiebig, 2005) on the seawater arc-
type-magmatic water mixing line (Brombach et al., 2003; Marini
and Fiebig, 2005). According to these authors, these vapors sepa-
rate from the PHL, which is an admixture of �75 % arc-magmatic
water and 25 % seawater. Carbon isotopes of CO2, reported in delta
notation relative to PDB (d13CCO2), extend from –2.62 to –0.07 ‰,
within the range of the Nisyros magmatic-hydrothermal CO2

defined by Bini et al. (2020).
Nitrogen isotope values (d15N) determined for the Nisyros

fumaroles range from –19.1 to 7.0 ‰ relative to air (i.e., 0 ‰).
The very 15N-depleted samples (two from Ramos, October 2018
and April 2019, and one from Lophos, October 2018; –19.2,
–10.3, and –9.7 ‰, respectively) were collected from fumaroles
with low and variable fluxes and are among those most contami-
nated by air, as shown by the 40Ar/36Ar ratios (295.0–298). There-
fore, we excluded these gases because they appear affected by
some N mass-dependent fractionation processes (e.g., mass-
dependent fractionation of air; Labidi et al., 2020). Excluding these
samples, d15N span the range between –1.6 and 7.0 ‰, with the
most positive values measured at Polyvotis Mikros, Phlegethron,
and Stephanos. Notably, these latter fumaroles also show the high-
est 40Ar/36Ar ratios (up to 420.4). Measured helium isotope ratios
(3He/4He) reported relative to the atmospheric ratio (Ra = 1.39 �
10–6) range between 5.51 and 6.22 Ra and are characterized by
high 4He/20Ne ratios (up to 7,177), suggesting a relatively low air
contamination for He and Ne.

4.2. Binary mixing modeling of N2, He, and Ar reveals the current
composition of a deep magmatic endmember

The relative concentrations of N2, He, and Ar in the fumaroles
are visualized in the ternary diagram of Fig. 2. These gases show
an evident mixing trend between a deep endmember located
towards the He apex and air, with negligible contributions from
air-saturated water (ASW). It is worth noting that the deep mag-
matic endmember plots in the typical upper mantle region of the
diagram, showing very low N2/He and N2/Ar ratios with respect
to those of typical gases from arc volcanoes (grey band in Fig. 2).

N2, He, and Ar gas ratios of the deep endmember are estimated
with reverse binary mixing modeling using both the hyperbola and
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straight-line models (Sections 3.2.1.1 and 3.2.1.2; Figs. 3, 4).
Results are shown in the next subsections and summarized in
Table 2. To fit these linear models, we excluded a few outliers that
affect their quality (Section 3.2.1.3). The exclusion of these points
enables the fulfillment of the assumptions for all the models (see
Section 3.2.1.3; Figs. S1, S2, S3) as well as substantial error reduc-
tion in predicting the deep endmember. Notably, these outliers
correspond either to fumaroles collected after some heavy rainy
days in April 2019, which were influenced by shallow ASW con-
tamination and secondary processes, or vents sampled in 2021,
when lower gas fluxes were observed. Most selected data (19 sam-
ples out of 22) were collected during the dry season in October
2018, 2019, and 2021.

4.2.1. The N2/
4Hedeep ratio

Nisyros fumaroles show a hyperbolic relationship in the
N2/4He-40Ar/36Ar space, which reflects a binary mixing between
air and a deep source (Fig. 3). We applied the mixing hyperbola
method (Section 3.2.1.1) to this space to estimate the N2/4He ratio
of the deep endmember (N2/4Hedeep). The best fit of the data solved
by the method of least squares (see Section 3.2.1.1), the variability
of the fitted coefficients, and the goodness-of-fit are summarized in
Table 3. Notably, the vertical asymptote of the hyperbola x0
(dashed line) closely approaches the 40Ar/36Ar ratio measured in
air (298.6; Lee et al., 2006). Therefore, x0 defines the air endmem-
ber (black star). The horizontal asymptote y0 (dashed line) of the
hyperbolic fit defines the N2/4Hedeep (y0 = N2/4Hedeep) ratio, which
is equal to 31.8 ± 4.5 (95 % confidence interval; light green band).

4.2.2. The 36Ar/4Hedeep ratio
Plotting one of the ratios of the binary mixing hyperbola (Fig. 3),

such as N2/4He, versus that of 36Ar/4He (i.e., the ratio of
denominators Fig. 4a), enables us to check the air-deep binary mix-
ing (Langmuir et al., 1978) and estimate the 36Ar/4He ratio of the
deep endmember (36Ar/4Hedeep). Nisyros fumaroles show a linear
relationship (Fig. 4a), extending from a low-N2/4He-36Ar/4He-
deep endmember towards the air composition (inset in Fig. 4a),
therefore confirming the binary mixing. To estimate the
36Ar/4Hedeep ratio, we used the mixing straight line method (Sec-
tion 3.2.1.2). The fitted coefficients of the linear regression model,
their variability, and the goodness of fit are summarized in Table 4.
The 36Ar/4Hedeep ratio can be estimated by using N2/4Hedeep = 31.8
as predictor (Fig. 4b), and the uncertainty of the measure was cal-
culated according to the 68 % (i.e., 1 r) prediction band of the
regression line (light blue band in Fig. 4b). The prediction yields
a 36Ar/4Hedeep = 2.05 � 10�4 ± 1.88 � 10�4. We chose the 68 %
prediction band to avoid negative values in the lower limit of the
estimate, which result by choosing a prediction interval >68 %.

4.2.3. The N2/
36Ardeep and 40Ar/36Ardeep ratios

In a similar way, fumaroles are linearly correlated in the
N2/36Ar–40Ar/36Ar space, and the linear regression model precisely
intercepts the air composition and extends toward an unknown
high-N2/36Ar–40Ar/36Ar-deep endmember (Fig. 4c). In this plot,
we applied the mixing straight line method (Section 3.2.1.2) to
estimate the 40Ar/36Ar ratio of the deep endmember (40Ar/36Ardeep).
A summary of the fitted coefficients and the goodness of fit is
shown in Table 5. First, we calculated the N2/36Ar ratio of the deep
endmember (N2/36Ardeep), which is equal to 155,353, by dividing
N2/4Hedeep (31.8) by 36Ar/4Hedeep (2.05 � 10�4). Then, we used this
value to extrapolate the 40Ar/36Ardeep ratio from the 95 % prediction
band of the regression line (light blue band in Fig. 4c), yielding an
estimate of 551.6 ± 19.8. Considering the uncertainty of the
N2/4Hedeep (31.8 ± 4.5; 95 % CI), the usage of its lower limit
(27.3) for extrapolation would return N2/36Ar = 1.64 � 106 and
40Ar/36Ar = 3,417 ± 239 (between brackets in Table 2), which reflect



Fig. 2. Relative contents of N2, He, and Ar in Nisyros fumaroles. ASW, air, crust, and a deep magmatic endmember are shown for comparison. The crust endmember was
defined by Giggenbach (1996) for New Zealand gases. The typical composition of arc volcano gases (grey band), defined by most circum-Pacific systems, and the composition
of the Mediterranean arc gases (light green band), defined by Vulcano, Campi Flegrei, and Milos (Giggenbach, 1991, 1996, 1997), are also displayed. The N2/4He ratios of the
Mediterranean arc field defined by Giggenbach (1997) (light green band), that is 400–800, also include the magmatic gas components defined at Vulcano by Taran (2011) and
Paonita et al. (2013), and at Campi Flegrei by Caliro et al. (2014). Nisyros fumaroles are binary admixtures of air and a deep endmember. The purple arrow reflects the
degassing trend and the remaining gas fraction in an evolved arc magma with an initial N2/He = 600 (the average of Mediterranean arc-gas; see Section 5.1). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. N2/4He as a function of Ar isotopes. The hyperbolic relationship of Nisyros
fumaroles reveals a binary mixing between air and a deep endmember. The air
endmember is estimated by the vertical asymptote x0 of the best hyperbolic fit
(hyperbola), while its horizontal asymptote y0 defines the N2/4He ratio of the deep
endmember (N2/4Hedeep). The light green band represents the 95% confidence
interval of N2/4Hedeep. The composition of air saturated water (ASW) is also shown
for comparison. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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the maximum values expected from the models. However, it is
worth noting that this high degree of uncertainty entirely hinges
on the choice of a large confidence interval (95 %) for N2/4Hedeep.
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4.2.4. The d 15Ndeep

Nitrogen isotope data plotted against N2/3He, N2/4He, and
N2/36Ar ratios predominantly show a mixing trend between air
and a deep endmember (light blue band, Fig. 5). Using the
N2/36Ardeep, N2/4Hedeep, and N2/3Hedeep ratios (Table 2) in the mix-
ing equations of Sano et al. (2001) and Fischer et al. (2002), we
computed nitrogen isotopes of the deep endmember (d 15Ndeep)
equal to 7 ± 3 ‰. This value overlaps the range of the subducted
sedimentary nitrogen (i.e., 7 ± 4 ‰) defined by Sano et al. (2001),
including both the organic N in marine sediments (d 15N between
2 and 10 ‰; Peters et al., 1978) and the NH4

+ in metasediments (d
15N between 2 and 15 ‰; Bebout and Fogel, 1992). The most pos-
itive d 15N values of metasediments reflect the residual subducted
N (fixed as NH4

+ in phyllosilicate) after devolatilization at high
metamorphic grade (Bebout and Fogel, 1992). Upper mantle, often
called depleted mid-ocean ridge basalt (MORB) mantle (DMM), and
sedimentary endmembers (Table 2) are also shown for
comparison.
4.3. Temporal variation in reactive and nonreactive (N2, He, and Ar)
gases between 1990 and 2021

The time series of the CO2/CH4, He/CH4, and He/CO2 ratios mea-
sured in the fumaroles of Polyvotis Mikros, Stephanos, and
Phlegethron from 1990 to 2021 are reported in Fig. 6a. The dataset
includes 2018–2021 data (this study) and those of Chiodini et al.
(2002) and Chiodini (2009), along with results analyzed at the
Department of Earth Sciences of the University of Florence (Italy)
using similar techniques (see Vaselli et al., 2006; Supplementary
Material). All fumarolic vents show an increase in both CO2 and
He relative to CH4 after the 1996–1997 seismic crisis, with the



Fig. 4. 36Ar/4He as a function of N2/4He (4a, b) and 40Ar/36Ar as a function of N2/36Ar
(4c). Nisyros fumaroles show a linear relationship between air and a deep
endmember. The coefficients of the linear models are shown in Table 4 (4a, b)
and Table 5 (4c). The inset in 4a represents a reduction of the diagram, whereas 4b
is an enlargement. Light blue bands are 68 % and 95 % prediction interval for 4b and
4c, respectively. The 36Ar/4Hedeep and 40Ar/36Ardeep ratios are extrapolated from
these linear regression models using N2/4Hedeep = 31.8 and N2/36Ardeep = 1.55 � 105,
respectively. Light green bands represent the errors associated to the prediction.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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highest ratios recorded in 2001–2002. Subsequently, the CO2/CH4

and He/CH4 ratios decrease down to background values and show
an almost stationary trend until 2021. A similar trend is also
observed in the He/CO2 time series. The equilibrium temperature
of the hydrothermal system (To; see Section 3.3) also increases
after the seismic crisis (Fig. 6b). This variation is particularly clear
in the fumaroles of Polyvotis Mikros and correlates with an incre-
ment in the fraction of vapor (s) that separates from the boiling
hydrothermal liquids and the correspondent energy released
(s � hv,Ts).

We compare N2, He, and Ar contents in Nisyros fumaroles col-
lected between 2018 and 2021 (this study) with those measured
during the peak in 1999–2002 in the Ar/N2-He/N2 space (Fig. 7).
These gases distribute as ternary admixtures of air, ASW, and deep
endmembers. The lower edge of the triangle is defined by the bin-
ary air-deep admixture of the 2018–2021 fumaroles (white sam-
ple) and the current deep endmember estimated in the previous
sections (Table 2). The 95 % prediction band of the linear regression
model (light blue band) and the maximum value of the deep end-
member (blue star), predicted by using the lower limit of the 95 %
CI of the N2/4Hedeep ratio (27.3), are also shown. Notably, fumaroles
point to an increase in both ASW and deep component during the
peak of the CO2/CH4 and He/CH4 ratios (Fig. 6a) in 1999–2002 (grey
sample). This increment in the fraction of ASW (fASW) over time is
also shown in Fig. 6c.
5. Discussion

5.1. Origin of the deep endmember in the current fluid emission

N2, Ar, and He reveal that Nisyros fumaroles are binary admix-
tures of an atmospheric-like component and a deep endmember.
The atmospheric component is almost solely air, not ASW, imply-
ing a shallow mixing with atmosphere. This may reflect both the
contamination occurring during the sampling of the gas at the sur-
face, and the entrainment of air in the fumarolic channels, which is
favored when fumarole fluxes are low (particularly at Kaminakia
and Ramos). Part of the air endmember might also be degassed
ASW, since for very small fraction of vapor separated (correspond-
ing to a smaller degree of boiling and low fumarole fluxes) the
composition of the gas phase may approach that of air. Although
the N2-He-Ar systematics may show some (small) percentages of
air in the gases, it is important to note that the degree of air con-
tamination in the total sample composition is negligible. For exam-
ple, assuming N2 content as entirely atmospheric (which is an
overestimate since part of N derives from the magmatic compo-
nent), the fraction of air in Polyvotis Mikros gases would be
<0.00003. The other term of the binary mixture, that is the deep
endmember, reflects a component of magmatic origin dissolved
in the hydrothermal fluids. Notably, the fumaroles showing
CO2/CH4 and He/CH4 peaks during the unrest (Fig. 6a; Polyvotis
Mikros, Phlegethron, and Stephanos) are the most enriched in the
deep component (Figs. 2–5). These vents show 40Ar/36Ar and 3He/4-
He ratios up to 420 and 6.2 Ra, respectively, and d 15N up to 7.0 ‰

(Table 1). Additionally, the increase in d 15N is correlated with the
increase in 40Ar/36Ar ratio (Fig. 5). Kaminakia and Ramos fumar-
oles, on the other hand, have more affinity with the atmospheric-
like component and with a shallower environment condition
(Figs. 2–5), as also suggested by the higher CH4 contents (Table 1).

Both 40Ar/36Ardeep and 3He/4Hedeep ratio are akin to the global
arc volcano range (Hilton et al., 2002). The 40Ar/36Ardeep ratio is
estimated at 551.6 ± 19.8, far less than the value of the upper man-
tle (35,000 ± 10,000; Table 2). This is a common feature observed
along convergent plate margins, where the Ar isotopes in volcanic
gases are thought to partly derive from an atmospheric source



Table 2
Ratios of the endmembers used and estimated through mixing modeling. The 3He/4Hedeep ratio is constrained using the maximum value measured for the Nisyros fumaroles.
N2/3He and N2/36Ar of the upper mantle is computed using N2/4He, 3He/4He, N2/40Ar, and 40Ar/36Ar values available in literature. Ratios of the sediment endmember are reported
in Sano et al. (2001) and are calculated using the highest N2/40Ar (2.1 � 104) measured in siliceous sediments by Matsuo et al. (1978).

Air ASW deep upper mantle sediment

N2/4He 1.49 � 105 a 2.64 � 105 31.8 ± 4.5 100 ± 50 c 1.05 � 104 c

N2/3He 1.07 � 1011 1.9 � 1010 3.66 � 106 8:9þ3:0
�3:8 x 106 1.4 � 1012 h

N2/36Ar 2.51 � 104 1.13 � 104 1.55 � 105 (1.64 � 106) 5:3þ4:2
�2:9 x 106 6 � 106 h

N2/40Ar 84 38 281.6 (479.6) 152 ± 58 d 2.1 � 104 h

4He/40Ar 5.61 � 10�4 1.46 � 10�4 8.85 (17.56) 2.0 ± 0.5 e 2 a

40Ar/36Ar 298.6 b 298.6 551.6 ± 19.8 (3,417 ± 239) 3.5 � 104 ± 1 � 104 e –
3He/4He (Ra) 1 1 6.2 8 ± 1 f 0.02
d15N 0 0 7 ± 3 �5 ± 2 g 7 ± 4 h

a Ozima and podosek (2002).
b Lee et al. (2006).
c Marty and Zimmermann (1999), Fischer et al. (2002), Elkins et al. (2006), and Caliro et al. (2015).
d Javoy and Pineau (1991), Marty and Zimmermann (1999),Cartigny et al. (2001).
e Burnard et al. (1997), Moreira et al. (1998), and Marty and Dauphas (2003).
f Farley and Neroda (1998).
g Marty and Dauphas (2003).
h Sano et al. (2001).

Table 3
Summary of the multiple linear regression model N2/4He � 40Ar/36Ar =bb0 þ bb1� 40Ar/36Ar þbb2� N2/4He (mixing hyperbola in Fig. 3), showing the coefficients estimated by the
method of least squares, the quantiles of the empirical population of residuals, and the goodness-of-fit expressed with the residual standard error (RSE) and the R2. The table also
displays the 95 % confidence interval of the coefficients, the standard error, the t-test statistics (t value) for the null-hypotheses and their corresponding two-sided P-values (Pr(>|
t|)).

Coefficient 95 % CI Std. Error t value Pr(>|t|)

bb0(q – x0 y0) �8477 1547 789 �10.7 5.38E�09

bb1(x0) 298.3 0.18 0.09 3173 1.64E�50

bb2(y0) 31.8 4.5 2.3 13.8 1.14E�10

Min. 1st Qu. Median 3rd Qu. Max.

Residuals �442.1 �171.4 �17.9 199.1 426.8
RSE 253.3
R2 1.000

Table 4
Summary of the linear regression model 36Ar/4He = bb0 þ bb1N2/4He (Fig. 4a, b), showing the coefficients estimated by the method of least squares, the quantiles of the empirical
population of residuals, and a measure of fit expressed with the residual standard error (RSE) and the R2. The table also reports the 95 % confidence interval of the coefficients, the
standard error, the t-test statistics (t value) for the null-hypotheses and their corresponding two-sided P-values (Pr(>|t|)).

Coefficient 95 % CI Std. Error t value Pr(>|t|)

bb0
�1.12E�03 8.82E�05 4.50E�05 �24.9 2.08E�15

bb1
4.17E�05 1.09E�07 5.57E�08 748.6 6.75E�42

Min. 1st Qu. Median 3rd Qu. Max.

Residuals �2.69E�04 �1.37E�04 1.81E�05 7.61E�05 4.86E�04
RSE 1.77E�04
R2 1.000

Table 5
Summary of the linear regression model 40Ar/36Ar = bb0 þ bb1N2/36Ar (Fig. 4c), showing the coefficients estimated by the method of least squares, the quantiles of the empirical
population of residuals, and a measure of fit expressed with the residual standard error (RSE) and the R2. The table also reports the 95 % confidence interval of the coefficients, the
standard error, the t-test statistics (t value) for the null-hypotheses and their corresponding two-sided P-values (Pr(>|t|)).

Coefficient 95 % CI Std. Error t value Pr(>|t|)

bb0
251.6 6.2 3.2 79.1 2.45E�24

bb1
1.9E�03 1.4E�04 7E�05 27.1 4.73E�16

Min. 1st Qu. Median 3rd Qu. Max.

Residuals �9.96 �2.95 0.18 2.07 10.53
RSE 4.73
R2 0.976
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(Hilton et al., 2002). The addition of atmospheric Ar occurs in the
mantle wedge through release of subduction components, and
might also derive from the crust hosting the plumbing system
77
(Hilton et al., 2002 and reference therein; Labidi and Young,
2022). About 98 % of the 36Ar in the subducted slab is estimated
to return into the atmosphere through arc volcano outgassing, with
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an outflux of �2.38 � 104 mol/year (Bekaert et al., 2021). The
3He/4Hedeep ratio of 6.2 Ra unambiguously shows the magmatic
origin of the deep component. This value is within the global arc
volcanoes range of 7.4 ± 1.3 Ra (Sano and Fischer, 2013), which
reflects additions of radiogenic 4He from the crust (and litho-
spheric mantle) to a typical upper mantle source of 8 ± 1 Ra
(Farley and Neroda, 1998). Since the maximum 3He/4He ratio mea-
sured along the SAVA is equal to 7.1 Ra (from Kolumbo submarine
emissions), the Aegean mantle wedge presumably preserves the
typical upper mantle ratio of �8 Ra (Rizzo et al., 2016). Hence,
3
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the lower 3He/4Hedeep ratio of Nisyros of 6.2 Ra reflects a relatively
small contribution of crustal 4He from the rocks hosting the
plumbing system.

The N2/40Ardeep (281.6) and N2/4Hedeep (31.8) ratios are much
lower than the typical values for arc volcanoes defined by most
of the circum-Pacific systems (Fig. 2; grey band), with N2/40Ar up
to 2,000 and N2/4He between 1000 and 10,000 (Giggenbach,
1991, 1996, 1997), or the gas emitted by other Mediterranean vol-
canoes (e.g., Vulcano, Campi Flegrei, and Milos), with N2/He ratios
of 400–800 (Giggenbach, 1997; Taran, 2011; Paonita et al., 2013;
Caliro et al., 2014; light green band in Fig. 2). Gases released from
arc volcanoes are generally characterized by higher N2 contents
relative to those of hot spots/divergent plate margins due to the
incorporation of subducted sedimentary N in the mantle wedge
(Matsuo et al., 1978; Kita et al., 1993). Nitrogen is predominantly
fixed as NH4

+ by biological processes and bound in seafloor sedi-
ments of the subducting slab (Barry and Hilton, 2016). Nisyros
samples, on the other hand, spread towards a deep component
located close to the He apex of the N2-Ar-He ternary diagram
(Fig. 2), which is common for mantle-derived magmas without
input of sediments (Fig. 2). This mantle-like signature also appears
when we investigate the source of the CO2 in the CO2/3He – d13CCO2

diagram (Fig. S6). Marini and Fiebig (2005) interpreted these low
N2/4He, N2/40Ar, and CO2/3He ratios in the gases of Nisyros as a sign
of low N and C contents of sediments in either the subducting Afri-
can plate or the rocks hosting the hydrothermal system. However,
this hypothesis was formulated without considering nitrogen iso-
topes, which were not available for the SAVA gases so far.

The d 15Ndeep (7 ± 3 ‰) value overlaps with the range of sedi-
ments recycled during subduction (7 ± 4 ‰; Fig. 5; Fischer et al.,
2002; Sano et al., 1998, 2001). The high d15N of Nisyros gases (up
to 7 ‰; Table 2) is comparable to that measured in gases emitted
by other arc volcanoes, such as Momotombo (Nicaragua, up to
6.9 ‰; Elkins et al., 2006), Tecuamburro (Guatemala, 6.3 ± 0.3 ‰;
Fischer et al., 2002), and Campi Flegrei (Italy, 6.3 ± 0.3 ‰; Caliro
et al., 2014). Mixing calculations show that the magmatic (deep)
endmember might derive �85 % of its N from subducted sediment
and �15 % from the mantle (Fig. 5a, b; vertical purple arrow). A
sediment endmember with d 15N of 7 (dark grey star) accounts
for the isotopic signature of the analyzed gas samples except the
two most positive ones (from Polyvotis Mikros), for which a heav-
ier d15N source is required. To better fit the deep component, we
Fig. 5. N2/3He (5a), N2/4He (5b), and N2/36Ar (5c) as a function of N isotopes (after
Fischer et al., 2002; Sano et al., 1998, 2001). Upper mantle, sediment, air, and ASW
(Table 2) are reported for comparison (black star). Ranges of upper mantle and
sediment endmembers are also shown (grey box; 5c). Mixing curves between these
endmembers are displayed as black dotted curves. The sediment endmember is
fixed at d 15N = 9‰, but mixing of air and a hypothetical sediment with d 15N = 7 ‰

(smaller grey star) is also reported for comparison (gray dotted curve). Grey dotted
curves reflect binary admixtures between air and air-free endmembers, constituted
by relative proportions of sediment and upper mantle (numbers in % refer to
sediment). Nisyros fumaroles are admixtures of air and a deep endmember
(Table 2; light blue band). The size of the circles is proportional to the 40Ar/36Ar
ratio. The deep endmember (grey circle) composition (Table 2) has been extrap-
olated from linear regression models using N2/4He and N2/36Ar ratios (Section 3.2.1,
Figs. 3, 4). Nitrogen of the deep endmember mostly derives from subducted
sediments, with a minor contribution from the upper mantle (85 % sediment and
15 % mantle using N2/4Hedeep, 5b; 80 % sediment, 4 % mantle, and 16 % air using
N2/36Ardeep, 5c). The upper edge of the grey dashed box in 5c represents the
maximum estimate of N2/36Ardeep (Table 2), resulting from N2/4He = 27.3, that is the
lower limit of the 95 % CI of N2/4Hedeep (Table 2). The low N2/3Hedeep and N2/4Hedeep
ratios (5a, b) suggest that the deep endmember suffered solubility-controlled
degassing. The Rayleigh fractionation trend and the residual gas fraction in a
rhyodacitic melt with an initial N2/4He = 600 (mean of the Mediterranean arc gas;
white square) is displayed as a purple arrow (5b). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)



Fig. 6. Time series of CO2/CH4, He/CH4, and He/CO2 ratios measured in fumaroles (6a), equilibrium temperature of the hydrothermal liquid (To) and fraction of gas separated
(s) through boiling (6b), and fraction of ASW (fASW; 6c). Closed symbols (6a) refer to the gas samples from Chiodini et al. (2002), Chiodini (2009) for 1990–2003 data and from
this study for 2018–2021 data, which were all analyzed at the laboratory of the INGV-OV Napoli, whereas open symbols refer to 2007–2017 fumaroles analyzed at the
Department of Earth Sciences of the University of Florence, Italy. All the parameters show a peak after the seismic crisis of 1996–1997, corresponding to increase in both
magmatic species (He and CO2) relative to hydrothermal species (CH4; 6a), and in the temperature of the hydrothermal system and amount of vapor separated (6b,c). The
dark orange axis in 6b shows the correspondent increase in the energy released from the hydrothermal system per kg of vapor separated through boiling. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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would need a sediment endmember with d15N of�9‰ (black star),
which is reasonable if we consider that the subducted sedimentary
materials have an N-isotopic signature between 3 and 11 ‰ (see
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the sediment grey box in Fig. 5c; Table 2). This predominant con-
tribution of subducted sediment to the deep endmember composi-
tion is also shown in the N2/36Ar-d15N space (Fig. 5c), but it



Fig. 7. 40Ar/N2 as a function of 4He/N2 in fumaroles collected after the seismic crisis
(1999–2002, grey symbols) and from 2018 to 2021 (white symbols). These gases
plot in a ternary mixing space defined by air, ASW, and the deep endmember
(Table 2). The air-deep mixing line (blue) and its 95 % prediction band (light blue) is
defined by linear regression on 2018–2021 data (this study). The dashed line
reflects the ASW-deep mixing considering as deep endmember the lower limit of
the 95 % CI of N2/Hedeep, that is 27.3, and N2/Ar = 479.2 (Table 2; blue star). Samples
collected after the seismic crisis show an increase in both fASW and fdeep (purple
arrows). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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requires a further addition of atmospheric 36Ar to explain the low
N2/36Ardeep ratio (fsediment = 80 %, fmantle = 4 %, and fair = 16 %; grey
circle). Together with the 40Ar/36Ardeep (551.6) ratio, the low N2/36-
Ardeep ratio may represent the evidence of atmospheric-Ar recy-
cling in Nisyros magmas. However, the extent of this recycling
could be smaller (fair � 1 %) if we considered the maximum
N2/36Ardeep of 1.64 � 106 (upper edge of the dashed grey box in
Fig. 5c) and the correspondent maximum 40Ar/36Ardeep of 3,417 –
derived by choosing the lower limit of the 95 % CI of N2/4Hedeep
(27.3) as predictor. In this case, the deep endmember would
approach the composition of an air-free mixture of 95 % sediment
and 5 % mantle. Despite the slightly different endmember propor-
tions returned from these two approaches (Fig. 5b, c), N2 of the
deep component appears to be mostly originated from the Eastern
Mediterranean Sea sediment subducted below the Aegean micro-
plate with a minor contribution from the mantle wedge. However,
the vertical shift in the N2/3Hedeep and N2/4Hedeep ratios (Fig. 5a, b)
requires another physicochemical process affecting the composi-
tion of the deep endmember.

The N2/4Hedeep ratio is not only lower than the typical values for
arc volcanoes (circum-Pacific) and Mediterranean arcs but also
than that of the upper mantle (100 ± 50; Table 2), suggesting that
Nisyros gases are affected by either a N2 depletion or 4He addition.
The N2/4Hedeep ratio approaches the value of cratonic gases, such as
those of the Kidd Creek Mine, Canada (5.1; Labidi et al., 2020), or
intraplate volcanic gases, such as those of Yellowstone, USA
(�80; Chiodini et al., 2012), which both result from the accumula-
tion of crustal 4He over billions of years (Lowenstern et al., 2014;
Warr et al., 2018). Nevertheless, this is not the case of the Nisyros
caldera, as the relatively high 3He/4Hedeep ratio excludes the partic-
ipation of a significant 4He-rich crustal component. Hence, we sug-
gest that the low N2/4Hedeep ratio is explained by a depletion in N2,
potentially through gas loss. Since He is more soluble than N2 in
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silicate melts, N2 is predominantly released during early-stage
degassing from magma reservoirs at low crystallinity, which pro-
duces high N2/He ratio (Giggenbach, 1996; Paonita, 2005). As crys-
tallinity and volatile exsolution increase (during cooling and
progressive solidification of the reservoir), the vapor phase pro-
duced by second boiling is expected to show a decreasing N2/He
ratio. Since N isotopes appear to be unaffected by fractionation
during degassing (Fischer et al., 2005), the d 15Ndeep value is
expected to be preserved during the solubility-controlled reduc-
tion of the N2/He ratio in the exsolved volatiles. Outgassing from
a high-crystallinity magma reservoir is also supported by the high
He/Ardeep ratio (8.85; Table 2). Helium is about 10 times more sol-
uble than Ar in silicate melts (Jambon et al., 1986; Marty and
Zimmermann, 1999), and therefore high-crystallinity magmas
should exsolve volatiles with high He/Ar ratios. On the contrary,
magma degassing does not affect the N2/Ar ratio, as N2 and Ar
show similar solubility (Miyazaki et al., 2004). The same process
may also explain the low CO2/3He ratio in Fig. S6, being CO2 less
soluble than He (Giggenbach, 1996).

To investigate the effect of magmatic outgassing on the
N2/4Hedeep ratio, we performed Rayleigh fractionation calculations
(Elkins et al., 2006) by modeling an open-system degassing in the
form N2/4Heres = N2/4Hei � F(a–1)/a, where the elemental ratio in the
residual melt (N2/4Heres) is a function of the ratio in the initial melt
(N2/4Hei), the fraction of gas remaining in the melt (F), and the sol-
ubility ratio of the two species (a = SHe/SN2). Erupted products,
petrological studies, and sulfur isotope modeling suggest the pres-
ence of a silicic (dacitic/rhyodacitic) upper-crustal reservoir below
the Nisyros caldera, which formed through cooling and differenti-
ation of mafic/intermediate magmas (Marini et al., 2002; Popa
et al., 2019), fed from deeper down in the plumbing system. We
calculate the solubility of He (SHe) and N2 (SN2) in a rhyodacitic
magma with the model of Iacono-Marziano et al. (2010). This
model returns the contents of He, Ar, and Ne in a dry melt, given
its chemical composition, temperature, and pressure. To this end,
we used the mean value of the Postcaldera domes (rhyodacites)
as magma composition, T = 750 �C, and P = 200 MPa, as reported
by Popa et al. (2019), and we assume that N2 and Ar have the same
solubility due to the very similar atomic radii (Miyazaki et al.,
2004). Thus, SHe equal to 2.78 ccSTP/g, SN2 equal to 0.49 ccSTP/g,
and the average N2/4He ratio of the Mediterranean arc-gases
(�600; Giggenbach, 1997) allowed us to calculate open-system
degassing trends. These trends and the residual gas fraction in
the melt are visualized as purple arrows in Figs. 2 and 5b. Notably,
the N2/4Hedeep = 31.8 implies extensive degassing and a residual
fraction of gas of only a few % (3 %). If we used the composition
of a primitive magma (mafic enclaves in the Postcaldera domes;
Popa et al., 2019) to simulate degassing trends from a mafic
recharge, the residual gas fraction would not significantly change
(�3.6 %). We are aware that a more accurate modeling that also
includes the control of H2O and CO2 on noble gas solubilities
(e.g., Nuccio and Paonita, 2001; Paonita et al., 2013) and the effect
of chemical variations in the melt during differentiation is needed
to better quantify magmatic degassing of multicomponent vapors.
However, this degassing modeling is beyond the scope of this work
and will be developed in future research.

5.2. N2-He-Ar and reactive gas variation during the hydrothermal
unrest following the 1996–1997 seismic crisis

Nisyros fumaroles show greater contributions from both ASW
and deep magmatic endmembers after the 1996–1997 seismic
crisis (Fig. 7; 1999–2002 samples, grey symbols). The increase in
the fASW appears to be related to ASW or seawater (SW) circulating
in the hydrothermal system rather than to shallow contamination
(e.g., rain water). In fact, the 2018–2021 samples in Fig. 6c show a



Fig. 8. Conceptual model of the magmatic-hydrothermal system of the Nisyros caldera during the episode of outgassing related to the 1996–1997 seismic crisis. The
topography and the location of the faults and geothermal wells are taken from Dietrich et al. (2018). The upper-crustal part of the plumbing system of the Nisyros caldera
consists of a silicic reservoir (dacitic/rhyodacitic) at high-crystallinity, differentiated from mafic magmas. The crystal-poor pocket of melt is a transient feature of magma
reservoirs, and may not exist at present. Our data support the hypothesis of a high-crystallinity reservoir but the existence of this pocket and its potential volume and location
cannot be easily determined without high resolution geophysical imaging. The grey contour surrounding the intrusion separates the hot ductile rocks (impermeable;
greenish-gray) from the brittle (permeable; yellow) ones. We assume that the brittle-ductile transition (BDT) occurs in typical crustal rocks at �360 �C (Hayba and
Ingebritsen, 1997). Evolved magmatic fluids, whose composition has been estimated through N2-He-Ar reverse mixing modeling (Table 2), accumulate in the mature silicic
reservoir and are then injected into the overlying convective hydrothermal system. This addition of magmatic fluids causes an increase in the temperature of the
hydrothermal system (�50 �C, reaching gas equilibrium temperature To of �325 �C) and consequent boiling of deeper and peripheral parts, with an amount of vapor
separated (s) about fifty times higher (vapor–liquid separation zone). These variations, together with the concurrent increase in fdeep, fASW, CO2/CH4, He/CH4, and He/CO2, are
recorded at the surface in fumarolic fluids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fASW by far lower than the 1999–2002 group, despite including
those samples collected during rainy periods (April 2019). A sud-
den decompression induced by seismicity may have triggered gas
exsolution from both shallow groundwater and deep ASW or SW
in the hydrothermal system. However, such decompression is also
expected to cause rapid variations in the fumarolic vents, whereas
both ASW and the other parameters (Fig. 6) gradually change and
reach a peak about two years after the earthquakes. The concurrent
increase in s and To after the crisis (Fig. 6b) suggests that a greater
amount of vapor separates through boiling from the hotter, deeper
parts of the hydrothermal system. In particular, Polyvotis Mikros
emissions indicate that reactive gases equilibrate at To � 50 �C
higher in 1999–2002 (up to 325 �C versus �275 �C in 2018–
2021), and both the fraction of vapor separated and energy
released through boiling increased by a factor of �50 (Fig. 6b). This
is also consistent with the higher fluxes of the fumaroles observed
during the same period. The similar increase in the temperature of
vapor–liquid separation (Ts, not shown in Fig. 6b) also suggests
that the two-phase zone of the hydrothermal system (Fig. 8)
extended towards greater depths during the unrest. The increase
in ASW may therefore be explained by heating and boiling of both
deeper and peripheral parts of the hydrothermal system.

The increment in magmatic species (CO2 and He), relative to
hydrothermal gas, (CH4; Fig. 6a), and the increase in the fdeep
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(Fig. 7) after the crisis suggests that ascending magmatic fluids
mix and heat the hydrothermal system, which in turn dissipate
such excess of energy through boiling (as also hypothesized by
Chiodini et al., 2002). Although the gas samples with greater fdeep
plot outside the ternary admixture of Fig. 7 (solid lines), the com-
position of the deep magmatic endmember appears to be very sim-
ilar for both periods (nowadays and after the seismic crisis). In fact,
if we consider the lower limit of the 95 % CI of the N2/4Hedeep ratio
(27.3; blue star), all the samples are contained in the triangle
bounded by the ASW-deep dashed line (Fig. 7). In any case, a
slightly different magmatic endmember after the seismic crisis
would not change our interpretation, since it would still under-
score an input of evolved magmatic gas with a low N2/He ratio.

5.3. Implications for magma degassing

Magmatic fluids are thought to accumulate in magma reser-
voirs, as these cool and crystallize (Parmigiani et al., 2016;
Edmonds and Wallace, 2017; Parmigiani et al., 2017; Degruyter
et al., 2019), and are released towards the surface mostly in bursts
of outgassing, as local overpressurization leads to brittle fracturing
of the hot and typically impermeable ductile rocks surrounding the
intrusion (Lamy-Chappuis et al., 2020). This accumulation of fluids,
mostly occurring in crystal-poor pockets of highly evolved magmas
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in the upper parts of reservoirs (Parmigiani et al., 2016), is favored
by migration of exsolved volatiles in channel-like structures when
magma reservoirs reach intermediate crystallinities (40–70 vol%
crystals; Parmigiani et al., 2017; Degruyter et al., 2019). The low
N2/Hedeep ratio may correspond to the residual gas phase formed
through repeated episodes of volatile accumulation and expulsion
during the differentiation of mafic to silicic magmas within the
crustal plumbing system beneath the volcano. An episode of such
gas expulsion is likely to be at the origin of the physicochemical
variation observed in Nisyros fumaroles after the 1996–1997 seis-
mic crisis.

To explain this episode of outgassing and the composition of the
magmatic volatiles, we present a conceptual model of the
magmatic-hydrothermal system of the Nisyros caldera (Fig. 8).
Evolved magmatic fluids (low N2/He), forming in a mature silicic
reservoir in the upper crust (�1.5–2 kbar; Popa et al., 2019;
Huber et al., 2019), are injected into the hydrothermal system
and are recorded at the surface between 1999 and 2002 (Figs. 6a,
7). Further support to this late-stage outgassing event from a
high-crystallinity reservoir comes from a spike in the He/CO2 ratio
observed in the fumaroles in the same period (Fig. 6a). Possible
contributions from low N2/4He, degassed mafic magmas from the
deeper parts of the plumbing system cannot be excluded. In any
case, the inferred state of the reservoir (high average crystallinity)
and its relative (late) stage of degassing would not change, as par-
tial degassing calculations (Section 5.1) return almost the same
residual gas fraction in both mafic and silicic magmas with
N2/4Heres �32. If the gases were derived from a low-crystallinity
magma, for example, after a new mafic recharge, we should expect
higher N2/He and lower He/CO2 ratios. This process is well-
documented in the time series of Campi Flegrei (Italy), where after
a new mafic recharge during the 1982–1984 bradyseism, fumarole
N2/He ratios increased up to 800 and gradually decreased down to
200 (Caliro et al., 2014; Buono et al., 2022).

Once the released magmatic volatiles enter the brittle region
above the magma reservoir, fractures enable their transfer in the
convective hydrothermal system, where they mix and heat pre-
existing fluids. Considering the delay between the fumarolic chem-
ical changes and the earthquakes at Nisyros (Fig. 6), we suggest
that the timescale of magmatic fluid upflow is about two years.
This timescale depends on both the different fluid mobility
between the ductile and brittle domain and the presence of the
hydrothermal system. Nowadays, the fumarolic vents of Nisyros
show lower fraction of the deep endmember and pre-seismic crisis
physicochemical conditions (Figs. 6, 7) due to outgassing, mixing,
and convection in the hydrothermal system over the last twenty
years. Nevertheless, potential diffusion of volatiles from the
magma chamber (i.e., passive outgassing) after this episode of out-
gassing cannot be ruled out, although we assume that this process
should be limited.
6. Conclusions

Reverse mixing modeling of N2, He, and Ar reveals that the cur-
renthydrothermalfluids emitted fromtheNisyros caldera are amix-
ture of an atmospheric-like component and a deep, magmatic
endmember.Wesuggest that thisdeependmember representsmag-
matic fluids typical of subduction zones, although their chemical
composition also depends on the state of the magma chamber (in
particular its average crystallinity) and on its relative stage of
degassing. Evidence of arc-type fluids mainly derives from He and
N isotope ratios. The 3He/4Hedeep ratio (6.2 Ra) is linked to the local
magmatic source,while d15Ndeep (7 ± 3‰) indicates the contribution
of the subducted EasternMediterranean Sea sediment.We interpret
the low N2/He ratio relative to the typical circum-Pacific and
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Mediterranean range of arc volcanoes as a solubility-controlled dif-
ferential outgassing rather than an absence of sediments on the sub-
ducted slab, as previously proposed (see Marini and Fiebig, 2005).
This N2-depleted gas likely exsolved from a silicic magma stored at
shallow depth below the Nisyros caldera, and some of it escapes
the reservoir during episodes of outgassing. The last major out-
gassing event was favored by the 1996–1997 seismic crisis and
was recorded by significant compositional changes in the fumarolic
gas discharges between1999 and2002 (Fig. 8). These variations also
affected theN2-He-Ar system, as shownby reversemixingmodeling.
The approach described in thiswork has therefore important ramifi-
cations for volcano monitoring, as it enables us not only to identify
the magmatic gas signature during periods of dormancy, but also
to better understand magma outgassing episodes and the state of
magma reservoirs beneath active volcanoes.
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Appendix A. Supplementary material

The Supplementary Material includes a basic statistical
description of the method of least squares used to solve the
three coefficients (the two asymptotes x0 and y0, and the curva-
ture factor q) of the binary mixing hyperbola in the N2/4He-40-
Ar/36Ar space. This file also includes the following
supplementary figures: (S1–S3) Tukey-Anscombe plots, (S4) gas
equilibria in the H2O-H2-CO-CO2-CH4 system, (S5) dD-H2O versus
d18O-H2O in steam condensates, and (S6) CO2/3He versus d13CCO2

in fumaroles. Research Data includes chemical and isotopic com-
positions of the fumaroles (Table 1.csv), CO2/CH4, He/CH4, and
He/CO2 time series (Time series.csv), an R script to calculate
the compositions of the endmembers using the mixing hyperbola
method (Hyperbola_function.R), and a table with Nisyros N2/4He
and 40Ar/36Ar data to read in the R script (Hyperbola_data.csv).
Supplementary material to this article can be found online at
https://doi.org/10.1016/j.gca.2022.08.028.
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